ABSTRACT: An experiment was conducted to determine if ergot alkaloids affect blood flow to the absorptive surface of the rumen. Steers (n = 8) were pair-fed alfalfa cubes and received ground endophyte-infected (Neotyphodium coenophialum) tall fescue (Lolium arundinaceum; E+) seed (0.015 mg ergovaline·kg BW -1 ·d -1 ) or endophyte-free tall fescue (E-) seed via the rumen cannula 2x daily for 7 d at thermoneutral (TN; 22°C) and heat stress (HS; 32°C) conditions. On d 8, the rumen was emptied and rinsed. A buffer containing VFA was incubated in the following sequence: control (CON), 15 μg ergovaline·kg BW -1 (1×EXT) from a tall fescue seed extract, and 45 μg ergovaline·kg BW -1 (3×EXT). For each buffer treatment there were two 30-min incubations: a 30-min incubation of a treatment buffer with no sampling followed by an incubation of an identical sampling buffer with the addition of Cr-EDTA and deuterium oxide (D 2 O). Epithelial blood flow was calculated as ruminal clearance of D 2 O corrected for influx of physiological water and liquid outflow. Feed intake decreased with dosing E+ seed at HS but not at thermoneutral conditions (TN; P < 0.02). Dosing E+ seed decreased serum prolactin (P < 0.005) at TN. At HS, prolactin decreased in both groups over the 8-d experiment (P < 0.0001), but there was no difference in E+ and E-steers (P = 0.33). There was a seed treatment × buffer treatment interaction at TN (P = 0.038), indicating that E+ seed treatment decreased reticuloruminal epithelial blood flow at TN during the CON incubation, but the two groups of steers were not different during 1×EXT and 3×EXT (P > 0.05). Inclusion of the extract in the buffer caused at least a 50% reduction in epithelial blood flow at TN (P = 0.004), but there was no difference between 1×EXT and 3×EXT. There was a seed × buffer treatment interaction at HS (P = 0.005), indicating that the reduction of blood flow induced by incubating the extract was larger for steers receiving E-seed than E+ seed. Volatile fatty acid flux was reduced during the 1×EXT and 3×EXT treatments (P < 0.01). An additional experiment was conducted to determine the effect of time on blood flow and VFA flux because buffer sequence could not be randomized. Time either increased (P = 0.05) or did not affect blood flow (P = 0.18) or VFA flux (P > 0.80), indicating that observed differences are due to the presence of ergot alkaloids in the rumen. A decrease in VFA absorption could contribute to the signs of fescue toxicosis including depressed growth and performance.
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consuming E+ seed (Rhodes et al., 1991) . Additionally, heat stress (HS) can reduce gut blood flow (Bell et al., 1983) and exacerbate fescue toxicosis signs. Ergot alkaloids have been shown to induce vasoconstriction of ruminal vessels in vitro (Foote et al., 2011) , and ergovaline is thought to be the main causative agent of the vasoconstriction in these vessels (Foote et al., 2012) . Blood flow to the absorptive surface of the gut is required for absorption of nutrients and a decrease in the blood flow reduces the absorption of nutrients by reducing the transepithelial gradient (Dobson, 1984) . It is possible that ergot alkaloids could alter blood flow to the absorptive surface of the gut of cattle and therefore decrease VFA absorption, contributing to some of the signs of fescue toxicosis including decreased growth rate due to the significant contribution of VFA to the caloric requirements of cattle (Bergman, 1990) . The effect of ergot alkaloids on gut physiology has not been extensively studied. Feeding E+ hay has been shown to have little effect on portal nutrient flux (Harmon et al., 1991) although the steers were likely not receiving adequate levels of ergot alkaloids to induce toxicosis. It is hypothesized that ergot alkaloids from E+ tall fescue will reduce blood flow to the absorptive surface of the bovine foregut and therefore reduce VFA absorption. The purpose of this experiment was to determine the effect of ergot alkaloids on reticuloruminal epithelial blood flow and VFA absorption from the washed reticulorumen of steers receiving E+ or endophyte-free tall fescue (E-) seed in the presence of increasing levels of ergot alkaloids in steers housed at thermoneutral (TN) and HS conditions.
MATERIALS AND METHoDS
All protocols in this study were approved by the University of Kentucky Institutional Animal Care and Use Committee.
Preparation of Tall Fescue Seed Extract
Ergovaline and ergovalinine were extracted from 'Kentucky 31' tall fescue seed as described previously (Foote et al., 2012) . A crude extract was prepared using 80% ethanol. The residue of the eluent was dried and then reconstituted in water and mixed (600 g of extract and 300 mL of H 2 O). The crude extract residue was mixed with hexane (1.8 L) for 10 min. The aqueous and hexane fractions were allowed to separate for 2 h followed by separation of the fractions. The aqueous fraction was reextracted with hexane 2 additional times (3 total), and the aqueous fractions were combined. The ergot alkaloids remained in the aqueous fraction. The aqueous fraction was then mixed with chloroform (1.8 L) for 10 min and allowed to separate for 2 h. The ergot alkaloids were extracted into the chloroform phase (performed a total of 3 times). The chloroform fractions were combined and evaporated using a rotary evaporator (Yamato Scientific America Inc., Santa Clara, CA). The residue was solubilized in 80% methanol. The final extract was analyzed by HPLC with fluorescence detection as previously described (Aiken et al., 2009; Koontz et al., 2012) . The ergovaline concentration used in this experiment is the combined concentration of ergovaline and ergovalinine.
Animals and Treatments
Experiment 1. Eight ruminally cannulated Holstein steers (BW = 255 ± 1.3 kg) were used in a randomized complete block incomplete-crossover design experiment. Steers were paired by weight and housed in individual pens in a climate controlled barn. During the experiment steers were pair-fed alfalfa cubes (Medicago sativa; 19.1% CP, 36.6% ADF, and 46.4% NDF on a DM basis) once daily at 0800 h to control for any effect of feed intake on response variables in this experiment. Intake was limited to 1.5 × NE m (NRC, 2000) , and steers were given ad libitum access to water. The ambient temperature was controlled to provide either a TN (22°C) or HS (32°C) environment. These temperatures have been previously shown to stress Holstein steers as indicated by increased respiration rate, core temperature, and skin temperature (Koontz et al., 2012) .
Treatments were applied in a split plot design with seed as the whole plot treatment and buffer applied during the washed rumen portion of the experiment as the subplot treatment. One steer from each pair was assigned to receive an E+ seed treatment ('Kentucky 31' tall fescue seed; 4.45 mg ergovaline/ergovalinine·kg -1 ), and the other steer was assigned to receive an E-seed treatment ('Kentucky 32' tall fescue seed; 0.0 mg ergovaline/ergovalinine·kg -1 ). Seed treatments began one day earlier for the E+ steers than the E-steers due to pair feeding. Seed was ground to pass a 2-mm screen and dosed ruminally 2x daily at 15 μg of ergovaline·kg BW -1 ·d -1 for 7 d at ambient TN and at HS conditions. Temperature treatments were run in consecutive periods as the TN and HS could not be conducted simultaneously.
On d 8, a washed reticulorumen experiment was conducted. At 0700 h steers were weighed, and a jugular catheter was placed. A serum sample was collected for prolactin analysis, and a plasma sample was collected for background deuterium oxide (D 2 o) concentrations. Rumen contents were removed through the cannula with the assistance of a vacuum, weighed, and sampled for DM analysis (AOAC, 1990) , and the container was covered with straw and placed in a 40°C water bath or a 40°C forced-draft oven. The rumen was washed with 10 kg of warm tap water followed by 3 rinses of warm saline (0.9% NaCl; 10 kg saline per rinse). Buffers (15 kg; 40°C) were incubated in the rumen in a sequence of 3 buffer treatments ( Fig. 1 ) that were each separated into equilibration and sampling buffers. The 3 buffer treatments were control buffer containing only the extract vehicle [control (CoN); methanol], 1×EXT (15 μg ergovaline·kg BW -1 ), and a 3×EXT (45 μg ergovaline·kg BW -1 ). The buffer sequence was held constant so that the CON treatment would always be incubated before the extract-containing buffer and be affected by potential carryover effects of the extract incubation. A separate experiment was conducted to determine the effect of time on changes in blood flow and nutrient absorption. The buffer composition has been previously described (Kristensen and Harmon, 2004) and is shown in Table 1 . The sampling buffer was identical to the equilibration buffer except for the addition of Cr-EDTA and D 2 O (3, 6, and 9 g D 2 O for CON, 1×EXT, and 3×EXT buffers, respectively). All buffers were mixed by infusing a gas mixture (75% CO 2 :25% N 2 ) continuously into the ventral rumen during incubation. A sampling catheter was also placed in the ventral rumen to allow buffer sample collection. Between buffer treatments the rumen was rinsed with 10 kg of warm 0.9% saline. All buffers and saline rinses were weighed before and after incubation in the rumen. At the completion of a washed rumen experiment, rumen contents were replaced and steers were fed.
Rumen buffer samples (approximately 17 mL) were collected at 0, 5, 10, 15, 20, and 30 min during incubation of a sampling buffer. Blood samples (approximately 15 mL) were collected via jugular catheter at 5, 15, and 30 min into heparinized syringes during incubation of each sampling buffer. All samples were immediately placed on ice (approximately 1°C). At the conclusion of the experiment, blood was centrifuged at 5,000 × g at 4°C for 15 min, and buffer samples were centrifuged at 4,000 × g at 20°C for 10 min. Plasma was collected and stored at -20°C. An aliquot of ruminal buffer supernatant (4 mL) was stored at 4°C for Cr-EDTA analysis by atomic absorption spectroscopy (AAnalyst 200; PerkinElmer Inc., Waltham, MA). For VFA analysis, 0.2 mL of the internal standard 2-ethyl butyrate (Acros Organics, Geel, Belgium) was added to 2 mL of buffer supernatant, vortexed, and combined with 0.2 mL of a 50% (w/v) meta-phosphoric acid solution. The sample was thoroughly mixed and frozen at -20°C. At analysis, samples were thawed and centrifuged at 21,000 × g for 20 min and VFA concentrations were analyzed by GLC with a flame ionization detector (Agilent HP6890 Plus GC with Agilent 7683 Series Injector and Auto Sampler; Agilent Technologies, Santa Clara, CA) using a Supelco 25326 Nukol Fused Silica Capillary Column (15 m by 0.53 mm by 0.5 μm film thickness; Sigma/Supelco, Bellefonte, PA).
Ruminal buffer sample aliquots (0.5 mL) and plasma sample aliquots (0.5 mL) were filtered through 10 kDa spin filters (Spin-X UF; Corning Inc., Corning, NY) at 10,000 × g at 32°C for 20 min. The D 2 O was quantified by high temperature conversion elemental analysis-isotope ratio mass spectrometry (Finnigan Delta V Plus; Thermo Scientific, Bremen, Germany; Storm et al., 2011) . Serum samples were collected after spinning blood samples at 3,000 × g for 15 min. Serum bovine prolactin was measured by RIA using previously described methods (Bernard et al., 1993) .
Experiment 2. Four ruminally cannulated Holstein steers (BW = 294 ± 7.4 kg) from Exp. 1 were housed as described in Exp. 1. Experiment 2 was conducted exactly as Exp. 1 with the exception of the washed rumen portion of the experiment. Briefly, steers were paired by BW and assigned to either the E+ or E-seed treatment and pair-fed alfalfa cubes at 1.5 × NE m for 7 d at TN and HS conditions followed by a washed rumen experiment on d 8 of each period. Seed treatments were then switched and the experiment was repeated. The CON buffer was incubated in place of the 1×EXT and 3×EXT buffer treatments to test the possibility of time confounding the effect of buffer treatment on the measured parameters during the washed rumen experiment.
Model Derivation and Calculations
A model developed by Storm et al. (2011) was used to calculate ruminal liquid passage rate, physiological water influx into the rumen, and residual water in the rumen before introduction of the buffer. Calculation of these parameters was conducted as described in Storm et al. (2011) except that the Solver add-in of Excel (Microsoft Corp., Redmond, WA) was used. These parameters were estimated for each individual buffer incubation (n = 72 for Exp. 1 and n = 48 for Exp. 2). A local solution was found for every data set. The model was set to minimize the residual sum of squares and was also visually assessed using a residual plot.
Ruminal liquid volume, pool of metabolites, ruminal flux of metabolites, and ruminal clearance were calculated as described in Storm et al. (2011) . Briefly, the volume of liquid in the rumen was calculated at each sampling time point, and using the measured concentra- 
Statistical Analysis
Data for feed intake were analyzed as a randomized complete block design using the mixed model procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC). The model included fixed effects of day, temperature, and day × temperature. Because steers were pair-fed, only DMI data from the steers receiving E+ seed treatment were analyzed as intake was equal for steers receiving E-seed. Data from the TN and HS portions of the experiment for serum prolactin, rumen content analysis, reticuloruminal epithelial blood flow, and VFA flux were analyzed separately due to unequal variances as tested using Bartlett's test (P < 0.01). Serum prolactin data were analyzed as a randomized complete block design using mixed model procedure of SAS. Fixed effects included day, seed, and day × seed and random effects included crossover period. Data from the TN and HS portions of the experiment were analyzed separately for the washed rumen portion of the experiment. Data from the washed rumen portion of the experiment including blood flow and VFA flux were analyzed as a randomized complete block split plot with a whole plot factorial using the mixed model procedure of SAS. The whole plot factors included seed treatment and crossover period, and the subplot factor was the buffer treatment. Analysis of variance was conducted followed by pairwise comparisons of least square means using LSD when the probability of a greater F-statistic was significant (P < 0.05).
RESuLTS AND DISCuSSIoN

Induction of Fescue Toxicosis
Endophyte-infected tall fescue seed was dosed so that steers received 0.015 mg of ergovaline·kg BW -1 ·d -1 . This dose of ergovaline provided as ground seed introduced via a ruminal cannula has been previously reported to sufficiently induce fescue toxicosis based on reduced intake, greater respiration rates at HS conditions, and reduced heart rates compared to steers consuming E-seed (Koontz et al., 2012) .
Alfalfa cubes were offered at 1.5 × NE m , and the steers receiving the E-seed treatment were fed the same amount as the paired E+ steers (Fig. 2) . Under TN conditions, DMI did not decline over the 7-d feeding period although there was a numerical decrease from about 1.5 to 1.2 × NE m . When steers were housed in heat stress conditions (approximately 32°C), voluntary feed intake was reduced to 0.7 × NE m (P = 0.018 for temperature × seed treatment). Given the pair-fed design of this experiment, it is not possible to determine that the E+ seed caused a decrease in feed DMI. However, depressed intake was one of the first signs of fescue toxicosis to be described and was thought to contribute to the decreased growth rate of cattle on tall fescue pastures (Strickland et al., 1993) . The impact of toxic tall fescue on intake can be variable depending on the ambient temperature, as steers receiving an E+ seed treatment displayed decreased intake compared to steers receiving E-seed when housed at 32°C but not when steers were housed at 22°C (Koontz et al., 2012) . It is unlikely that any factors other than the E+ resulted in the large reduction in intake observed in this study.
The wet weight of ruminal contents on a BW basis (Table 2) tended to be greater for E+ than E-steers (P = 0.12) at TN conditions. Dry matter percentage (P = 0.03) and the dry ruminal contents on a BW basis (P < 0.01) were also greater in E+ steers at TN. Steers housed in HS conditions and receiving E+ seed had greater wet weights (Table 2 ; P = 0.03), greater dry ruminal content weight (P < 0.01), and a 50% greater DM percentage (P < 0.01). Steers receiving E-seed were pair fed to receive the same amount of feed daily as steers receiving E+ seed, but the rate of DMI (kg·h -1 ) was not controlled as steers were fed once daily. It is likely that E-steers had a greater rate of DMI as has been previously reported in steers at TN conditions (Koontz et al., 2012) . These data could indicate a difference in the particulate or liquid passage rates of steers consuming toxic tall fescue compared to steers receiving E-seed. Data from the model used to estimate liquid passage rate during the washed rumen experiment indicated there was no difference in liquid passage rate between steers receiving E+ and Eat either TN or HS (P > 0.40; data not shown); however, this estimate is not necessarily consistent with measures in the fed state. Ergot alkaloids have been shown to reduce cyclical contractions of reticuloruminal smooth muscle in sheep (McLeay and Smith, 2006; Poole et al., 2009) , which could lead to a decrease in passage rate and DMI. It is also possible that a difference in water intake could exist between the 2 groups of cattle, as water intake was not measured in the current experiment. Previous research has shown that water intake was not affected by tall fescue seed consumption in steers (Aldrich et al., 1993) or sheep (Hannah et al., 1990) .
At TN, serum prolactin concentrations were affected by seed treatment (P = 0.002; Fig. 3A ). There was also an effect of day (P = 0.03) but no interaction of seed treatment × day (P = 0.52) on serum prolactin. Steers receiving E+ seed had lower prolactin concentrations on d 0 and 8 than E-steers; however, prolactin concentration decreased by 46% in E+ steers from d 0 to d 8 and by 18% in E-steers. At HS conditions, there was an interaction of seed treatment × day (P = 0.02) on serum prolactin concentrations, indicating that steers receiving the E+ seed treatment had a greater reduction (92%) in serum prolactin concentration than steers receiving the E-seed treatment (66%). Prolactin concentration is a common indicator of fescue toxicosis, as ergot alkaloids are po- tent dopamine receptor (D 2 ) agonists (Larson et al., 1995 (Larson et al., , 1999 Strickland et al., 2011) . Binding of an agonist to the D 2 receptors on the surface of the lactotrophs in the pituitary causes a decrease in prolactin production and release by several mechanisms (Lamberts and Macleod, 1990) . High ambient temperatures have been shown to increase prolactin concentrations in Holstein steers by both increasing secretion rates and decreasing metabolic clearance rates (Smith et al., 1977) . Feed restriction of heifers housed at TN conditions has been shown to have no effect on circulating prolactin concentrations (Ronchi et al., 2001) . Another study has reported no difference in prolactin concentrations of Holstein steers fed E-seed at TN and HS conditions (Aldrich et al., 1993) . Taken together, DMI and prolactin data presented here indicate that the steers receiving the E+ seed treatment were suffering from the fescue toxicosis syndrome.
Washed Rumen Model Variables
The rate constant for liquid passage out of the rumen (Table 3 ) was constrained to be greater than or equal to 0.0%·h -1 . The liquid passage rate range was slightly larger than that reported by Storm et al. (2011) . Due to the large variation and range of estimates, these parameters were estimated individually for each combination of steer, buffer, seed treatment, and temperature. The influx of physiological water flowing into the rumen was never negative, indicating that there was a net movement of water into the rumen through saliva production or movement across the rumen epithelium. The range of predicted physiological water influx (Table 3) was smaller than that reported by Storm et al. (2011) , but the values were within the range previously reported (Storm et al., 2011) . The volume of water present in the rumen before introduction of the buffer, or residual water, was similar to the values reported by Storm et al. (2011) .
Reticuloruminal Epithelial Blood Flow
Reticuloruminal clearance of D 2 O was used as an estimate of reticuloruminal epithelial blood flow. At TN (Fig. 4A) , steers receiving E+ seed had lower reticuloruminal epithelial blood flow than steers receiving E-seed (20.0 versus 28.4 L·h -1 ; P < 0.038 for the interaction) during the incubation of CON buffer treatment. This decrease in blood flow appeared similar at HS conditions ( Fig. 4B ; 24.0 L·h -1 for E+ steers versus 31.2 L·h -1 for E-steers; SEM = 3.9); however, these values were not different (P = 0.21) largely be- cause of increased variability during heat stress. When ergot alkaloids were introduced into the washed rumen of steers at TN (Fig. 4A ) at either the 1×EXT or the 3×EXT level, there was a large decrease in reticuloruminal epithelial blood flow (P < 0.038) to approximately 10 L·h -1 for both E+ and E-steers. The same effect was seen at HS (Fig. 4B) . The lack of a further decrease in ruminal epithelial blood flow at the 3x EXT level could indicate that the maximum effect was achieved with the lower ergot level present in the 1×EXT incubation.
The baseline blood flow measurement of 28.4 L·h -1 for E-TN steers in this experiment is lower than that reported in lactating Holstein cows (Storm et al., 2011) where reticuloruminal epithelial blood flow was reported to range from 48 to 92 L·h -1 depending on the diet and buffer treatment. The use of D 2 O to estimate epithelial blood flow is unique in that it only estimates blood flow to the epithelium that is in contact with the buffer and directly involved in absorption at the time of measurement. Storm et al. (2011) used 30 kg of buffer where the current experiment used 15 kg of buffer. It is likely that the surface area of the reticulorumen exposed to the buffer is greater with the greater mass of buffer. Additionally, Storm et al. (2011) used 565-kg lactating cows, where 255-kg steers were used in the current experiment. When reticuloruminal epithelial blood flow is expressed per kilogram BW, the results are similar (0.11 and 0.08 L of blood flow/kg BW for steers and cows, respectively). Portal blood flow calculated by dilution of para-aminohippurate has been shown to be much greater in lactating cows than either heifers or steers (Huntington et al., 1989) . Gut blood flow appears to be linked to level of intake and not sex or production state.
Ergot alkaloids, including ergovaline, as well as an E+ tall fescue seed extract have been shown to induce vasoconstriction of ruminal arteries and veins in vitro (Foote et al., 2011 (Foote et al., , 2012 . Rhodes et al. (1991) also showed that blood flow to some gut tissues including the duodenum could be reduced by exposure to ergot alkaloids using labeled microspheres. Constriction and dilation of blood vessels is the most important factor in regulation of blood flow (Levick, 2010) . The concentration of ergovaline in the ruminally incubated buffer was approximately 4.7 × 10 -7 M (±6.8 × 10 -9 ) for the 1×EXT and 1.4 ×10 -6 M (±1.6 × 10 -8 ) for the 3×EXT incubation. The least concentration of ergovaline shown to induce vasoconstriction in ruminal arteries and veins in vitro was 10 -6 M ergovaline (Foote et al., 2011) , which is essentially equal to the initial concentration of ergovaline in the ruminal buffer during the 3×EXT treatment but greater than the 1×EXT initial buffer concentration. In ruminal veins, a tall fescue seed extract was shown in one study to induce vasoconstriction at 10 -7 M (normalized to ergovaline concentration) whereas in another study vasoconstriction was not observed until a 10 -6 M ergovaline (Foote et al., 2012) . From the data presented here it is not possible to infer that ergovaline is absorbed from the washed rumen and induces a local vasoconstriction; however, it is noteworthy that a concentration of ergovaline that is on the low end of concentrations known to induce vasoconstriction of ruminal vessels in vitro can alter blood flow in vivo (Foote et al., 2011 (Foote et al., , 2012 . Reticuloruminal epithelial blood flow measure by clearance of deuterium oxide from the washed reticulorumen of steers receiving endophyte-infected tall fescue (E+) seed twice daily (15 μg ergovaline·kg BW -1 total) when housed at A) thermoneutral (TN; 22°C) and B) heat stress (HS; 32°C) conditions for 7 d. Blood flow was observed in the presence of a control (CON) buffer, a buffer containing 15 μg ergovaline·kg BW -1 (1×EXT), and a buffer containing 45 μg ergovaline·kg BW -1 (3×EXT). Bars without shared letters differ (P = 0.038 for TN; P = 0.005 for HS). E-= endophyte-free tall fescue.
Volatile Fatty Acid Flux
Steers receiving E+ seed under TN conditions in Exp. 1 (Table 4) tended to have lower rates of total VFA flux (P = 0.10), acetate flux (P = 0.13), butyrate flux (P = 0.07), and isovalerate flux (P = 0.05). This follows the trend seen with blood flow that steers receiving E+ seed had lower blood flow than steers receiving E-seed. Seed treatment had no effect on VFA flux when steers were housed in HS conditions (P > 0.40; Table 4 ). When ergot alkaloids were included in the ruminally incubated buffer at TN, flux of total VFA, acetate, propionate, and butyrate were decreased (P < 0.01) and isovalerate tended to be less (P = 0.13); however, valerate flux was not affected by the addition of the extract to the buffer compared with the CON treatment (P = 0.17). Under HS conditions, addition of ergot alkaloids at both the 1×EXT and the 3×EXT concentrations caused a decrease in total VFA, acetate, propionate, butyrate, and valerate (P < 0.01) and tended to decrease isovalerate flux (P = 0.08).
The flux values observed in the current study are similar to the values reported for net portal flux in a similar experiment using lactating cows (Storm et al., 2011) when adjusted for BW. The flux rates reported here were also less than the absorption rates from a washed reticulorumen of Holstein steers (Kristensen and Harmon, 2004) ; however, the absorption rate did not account for passage out of the rumen with liquid as was done in the data presented here. When looking at portal blood flux of VFA the data from Kristensen and Harmon (2004) was similar to the data presented here although the portal flux data was slightly greater, which could be due to the contribution of omasal and hindgut absorption in the portal flux measurement.
The effect of fescue toxicosis and ergot alkaloids on nutrient absorption has been largely unstudied. The one study that attempted to look at E+ tall fescue and nutrient absorption showed that other than a slight decrease in net portal acetate flux in steers receiving E+ hay, there was no effect on nutrient absorption (Harmon et al., 1991) . The tall fescue hay used by Harmon et al. (1991) had a measured ergovaline concentration of 134 μg·kg -1 , and the steers consumed an average of 5.26 kg DM·d -1 , resulting in a total intake of approximately 0.7 mg of ergovaline·d -1 . This dose is much less than the dose used in the experiment presented here and by Koontz et al. (2012) , which is about 4 mg ergovaline·d -1 . Additionally, there was no reported difference in prolactin concentration between the E+ and E-groups by Harmon et al. (1991) , indicating that those steers might not have been experiencing fescue toxicosis.
A disruption in absorption of VFA could have large negative impacts on production of cattle. It is estimated that the three predominant VFA, acetate, propionate, and butyrate, account for 45% of DE intake in ruminants (Kristensen et al., 2005) , most of which are absorbed from the rumen. Propionate is thought to provide 43 to 77% of the glucose carbon in cattle (McLeod et al., 2006) . It is clear that VFA contribute significantly to the energy supply as well as providing most of the carbon needed for production in ruminants. A decrease in the absorption of VFA from the rumen Table 4 . Experiment 1. Flux of VFA (mmol·h -1 ) from the washed reticulorumen of steers receiving endophyte-infected tall fescue (E+) or endophyte-free tall fescue (E-) seed twice daily housed at thermoneutral (22°C) and heat stress (32°C) conditions for 7 d. Volatile fatty acid flux was measured using a sequential buffer sequence with a control (CON) buffer, a buffer containing 15 μg ergovaline/kg BW (1×EXT), and a buffer containing 45 μg ergovaline/kg BW (3×EXT) 2 n = number of observations included in the statistical analysis.
could severely depress cattle performance. One of the most common signs of fescue toxicosis is depressed growth of cattle, and this could potentially be attributed in part to a decrease in ruminal VFA absorption. Decreasing VFA absorption in the rumen could lead to greater interconversions of the VFA by microbes and a greater loss of carbon through methane production, which could further contribute to inefficiency of production. It is possible that the observed decrease in VFA absorption in response to ergot alkaloid exposure could be an important cause of clinical signs the fescue toxicosis syndrome.
Relationship between Epithelial Blood Flow and VFA Flux
Absorption of nutrients from the gut is limited by several factors, including mixing of the contents allowing presentation of the nutrient to the absorptive surface, permeability of the nutrient, and removal with blood from the serosal side of the epithelium (Dobson, 1984) . Storm et al. (2011) reported a correlation coefficient for ruminal disappearance of propionate and epithelial blood flow of 0.56, indicating that blood flow to the absorptive surface of the rumen has a large effect on VFA absorption. Storm et al. (2011) showed that reticuloruminal epithelium and ruminal vein blood flow are dynamic and responsive to nutrients (specifically fermentative end products) present in the lumen of the rumen.
In the current study, efficiency of VFA absorption was calculated by expressing VFA absorption (mmol/h) relative to epithelial blood flow (L/h) resulting in the units of millimoles of VFA absorbed per liter of epithelial blood flow. Steers receiving E+ seed under TN conditions tended to have a greater amount of propionate absorbed per unit of blood flow (Table 5 ; P = 0.08). Including ergot alkaloids from an E+ seed extract in the ruminal buffer increased the efficiency of butyrate absorption at TN (P = 0.02) as well as isovalerate (P < 0.01). There was a seed treatment × buffer interaction (P = 0.03) for valerate absorption efficiency under TN conditions. This indicates that steers receiving E-seed, including the 1×EXT in the ruminally incubated buffer, increased valerate absorption efficiency compared to CON and the 3× measuring intermediate. For the steers receiving E+ seed, inclusion of the 1×EXT and the 3×EXT increased valerate absorption efficiency, but the 1×EXT and the 3×EXT were not different (P = 0.32).
When steers were housed under HS conditions, propionate absorption efficiency was increased with the inclusion of the 1×EXT (P = 0.04). The increase was greater in steers receiving the E-seed treatment (P = 0.07 for the interaction). Butyrate absorption efficiency in steers housed in HS conditions was higher during the incubation of the 1×EXT treatment compared to the CON incubation and the 3×EXT was intermediate (P = 0.02). The tendency for an interaction of seed treatment × buffer Table 5 . Efficiency of VFA absorption (mmol VFA absorbed·L blood flow -1 ) from the washed reticulorumen of steers receiving endophyte-infected tall fescue (E+) or endophyte-free tall fescue (E-) seed twice daily housed at thermoneutral (22°C) and heat stress (32°C) 1 VFA absorption efficiency (mmol VFA absorbed/L blood flow) = VFA absorption rate (mmol·h -1 )/epithelial blood flow (L·h -1 ).
2 Steers receiving E+ seed treatment received 15 μg of ergovaline·kg BW -1 ·d -1 from 'Kentucky 31' tall fescue seed and the E-seed treatment received an equal amount of 'Kentucky 32' tall fescue seed with 0.0 mg ergovaline·kg -1 .
3 Blood flow and VFA flux was measured using a sequential buffer sequence with a control buffer, a buffer containing 15 μg ergovaline·kg BW -1 (1×EXT), and a buffer containing 45 μg ergovaline·kg BW -1 (3×EXT).
4 n = number of observations included in the statistical analysis.
treatment for butyrate absorption efficiency at HS (P = 0.10) indicates that the effect of the extract was more evident in steers receiving E-seed. There was a seed treatment × buffer treatment interaction for valerate absorption efficiency at HS (P = 0.03). Steers receiving E-seed had greater valerate absorption efficiency during the 1×EXT and the 3×EXT incubation than the CON incubation, but the 1×EXT and 3×EXT values were not different. Steer receiving E+ seed showed increased valerate absorption efficiency during the 1×EXT incubation, but it returned to values similar to CON during the 3×EXT incubation (seed × buffer, P = 0.03). Additionally, the increase in valerate absorption efficiency in response to ergot alkaloids incubated ruminally was greater in steers receiving E-seed (seed × buffer, P = 0.03). Isovalerate absorption efficiency in steers housed in HS conditions followed a similar trend to that of valerate absorption efficiency with a seed treatment × buffer treatment interaction (P = 0.01). For the HS portion of the experiment, it is apparent that VFA absorption efficiency is more responsive to ergot alkaloids in steers receiving E-seed than steers receiving E+ seed, which could indicate an acute response to ergot alkaloids. The effects of ergot alkaloids on VFA absorption efficiency observed in this experiment were only observed for VFA that have the potential to be metabolized by ruminal epithelium (propionate, butyrate, valerate, and isovalerate). These VFA are also larger, more lipophilic molecules than acetate. This increase in absorption efficiency could be due to an alteration in epithelial metabolism, an alteration in the barrier function of the ruminal epithelium, or potentially through mechanisms related to transporters involved in VFA absorption. It is likely that the ergot alkaloids are increasing the epithelial metabolism of VFA, which leads to a greater concentration gradient across the rumen epithelium. This would lead to a greater amount of VFA removed from the rumen per unit of blood flow. It is also possible that the decrease in blood flow reduces the oxygen flowing to the epithelium causing a decrease in metabolic activity of the epithelial cells, and this decrease in epithelial metabolism of VFA could result in increased VFA absorption efficiency. However, it is likely that if there was a decrease in epithelial metabolism, there would be a decrease in the concentration gradient leading to a decrease in flux. Additionally, ergocristine has been shown to alter barrier function of porcine brain endothelial cells (Mulac et al., 2012) . This effect was not seen with ergometrine (also known as ergonovine) or ergotamine and took more than 4 h of incubation for the effect to be observed. It is possible that ergot alkaloids present in E+ seed extract could alter the barrier function of the rumen epithelium, which could in turn increase permeability of VFA. However, it is likely that if barrier function was greatly altered that the increase in VFA absorption efficiency would be more evident for acetate, which has the lowest permeability. Additionally, a disruption of the ruminal barrier function could allow the translocation of microbes and endotoxins into the ruminal tissue and portal blood. Microbes entering the portal circulation have been shown to cause liver abscesses (Tadepalli et al., 2009) , which is related to decreased growth and feed efficiency (Brink et al., 1990) . Ergot alkaloids present in E+ appear to alter VFA epithelial metabolism or disrupt the barrier function of the gut, which could contribute to the observed signs of fescue toxicosis such as depressed growth.
Experiment 2
Experiment 2 was conducted because the order of buffer treatment administration could not be randomized in Exp. 1 and it was necessary to rule out the possibility that blood flow and VFA flux change over the duration of the washed rumen portion of the experiment. Blood flow values were less for steers receiving the E-seed in Exp. 2 (Fig. 5 ) than Exp. 1; however, blood flow measures for steers receiving the E+ seed treatment were similar in both experiments. It is not clear why these measures were less for only the E-steers during Exp. 2, but it is not likely that the buffer treatments are responsible for this difference. There was a statistical interaction for seed treatment × buffer (P = 0.045) at TN (Fig. 5A ) although this was due to an increase in blood flow for E-steers during the third buffer incubation and was not the severe decrease in blood flow that was observed in Exp. 1 with the addition of ergot alkaloids in the buffer. Reticuloruminal epithelial blood flow in steers housed in HS conditions did not change during the three CON buffer sequences (effect of buffer, P = 0.18). The data from Exp. 2 indicate that the effect of the buffer treatment observed in Exp. 1 was due to the addition of the ergot alkaloids from the E+ seed and not due to time.
Flux of VFA from the washed rumen in Exp. 2 (Table 6 ) was lower for E-steers than in Exp. 1, which was similar to the blood flow measures for Exp. 2. Overall there was no effect of buffer on VFA flux at TN conditions with the exception of valerate flux (P < 0.03), which indicates an increase in valerate flux during the second and third buffer sequences. There was a seed × buffer interaction (P = 0.03) for isovalerate flux at TN conditions, due to an increase in isovalerate flux for E+ treated steers during buffer sequence 2 compared to buffer 1 and 3 of the E+ treated steers. Additionally, there was no difference in VFA flux between the different buffers in steers housed at HS conditions (P > 0.11). There was an increase in the SEM in Exp. 2 compared to Exp. 1 for VFA flux values, which was likely due to the reduction in the number of animals used. This increase in variation could reduce to power to detect differences in flux measurements; however, flux of VFA did not follow the same trends as observed in Exp. 1. In Exp. 1 buffer treatment decreased VFA flux by 30 to 50%. There was no effect of buffer treatment on VFA flux in Exp. 2 (P > 0.11) with the exception of an increase in valerate flux at TN (P = 0.03), which indicates the effects of the buffer treatments observed in Exp. 1 are due solely to the inclusion of the tall fescue seed extract. At HS conditions there was an effect of seed treatment on total VFA, acetate, propionate, and butyrate flux (P < 0.03) and a tendency for isovalerate flux (P = 0.05) indicating that E-treated steers had greater flux rates than steers receiving E+ seed. This was not seen in Exp. 1 or in the TN portions of the experiment but was likely due to E+ steers having lesser flux rates than observed in Exp. 1 for HS conditions and greater variation in the data. Table 6 . Experiment 2. Flux of VFA (mmol·h -1 ) from the washed reticulorumen of steers receiving endophyteinfected tall fescue (E+) or endophyte-free tall fescue (E-) seed twice daily housed at thermoneutral (22°C) and heat stress (32°C) conditions for 7 d It is clear from these data that ergot alkaloids present in E+ seed and E+ seed extract are responsible for the reduction in epithelial blood flow and VFA absorption. It is likely that ergot alkaloids incubated in the rumen cause a local vasoconstriction and decrease blood flow to the absorptive surface of the bovine rumen; however, ruminal absorption of ergot alkaloids, especially ergopeptine alkaloids such as ergovaline, is not definitive and not extensively studied. Lysergic acid, lysergol, ergonovine, ergotamine, and ergocryptine were shown to cross ruminal epithelium in a parabiotic chamber (Hill et al., 2001) . Another study incubated ergovaline on the mucosal side of a parabiotic chamber with ruminal epithelium mounted and showed that ergovaline could not be measured on the serosal side of the chamber after 4 h of incubation (Ayers et al., 2009 ). This study incubated ergovaline in the mucosal buffer at a concentration of about 2 ng·mL -1 . The interpretation of these data is limited because it is likely that if ergovaline crossed the epithelium, then it would be well below the limit of detection. In Hill et al. (2001) , only 2% of ergotamine and 1.5% of ergocryptine was accounted for in serosal buffer. If ergovaline, which is similar in structure to ergotamine and ergocryptine, has a similar transport capacity there would only be a concentration of about 0.04 ng ergovaline·mL -1 in the serosal side of the parabiotic chamber, which is well below the detection limit of more sensitive HPLCmass spectrometry-based analytical methods ). Due to the relatively rapid onset of physiological response observed in the experiment present here, it is likely that ergovaline is crossing the ruminal epithelium in the washed rumen model, inducing local vasoconstriction, and in turn reducing blood flow to the absorptive surface of the rumen. It is also possible that the ergot alkaloids could bind receptors on the ruminal epithelial cells and induce signaling pathways that alter blood flow and other effects on the gut.
Conclusions
Ergot alkaloids from tall fescue seed and a tall fescue seed extract induce at least a 50% reduction in blood flow to the absorptive surface of the reticulorumen of cattle housed in thermoneutral and heat stress conditions. Additionally, ergot alkaloids cause a reduction in VFA absorption from a washed reticulorumen that is likely related to the reduction in blood flow to the absorptive surface of the foregut. The depression of nutrient absorption related to toxic tall fescue exposure could contribute to the common signs of fescue toxicosis such as decreased growth and performance.
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